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METHOD FOR SELECTING A CEMENTING COMPOSITION FOR CEMENTING WELLS 

Background 

The present embodiment relates generally to a method for selecting a cementing 
composition for sealing a subterranean zone penetrated by a well bore. 
In the drilling and completion of an oil or gas well, a cementing composition is often 
introduced in the well bore for cementing pipe string or casing. In this process, known as 
•primary cementing, 0 a cementing composition is pumped into the annular space between 
the wans of the well bore and the casing. The cementing composition sets in the annular 
space, supporting and positioning the casing, and forming a substantially Impermeable 
barrier, or cement sheath, which divides the well bore into subterranean zones. 

If the short-term properties of the cementing composition, such as density, static gel 
strength, and rheology are designed as needed, the undesirable migration of fluids between 
zones is prevented immediately after primary cementing. However, changes in pressure or 
temperature in the well bore over the life of the well can compromise zonal integrity. Also, 
activities undertaken in the well bore, such as pressure testing, well completion operations, 
hydraulic fracturing, and hydrocarbon production can affect zonal integrity. Such 
compromised zonal isolation is often evident as cracking or plastic deformation in the 
cementing composition, or de-bonding between the cementing composition and either the 
well bore or the casing. Compromised zonal isolation affects safety and requires expensive 
remedial operations, which can comprise introducing a sealing composition into the well bore 
to reestablish a seal between the zones. 

A variety of cementing compositions have been used for primary cementing. In the 
past, cementing compositions were selected based on relatively short term concerns, such 
as set times for the cement slurry. Further considerations regarding the cementing 
composition include that It be environmentally acceptable, mixable at the surface, non- 
settling under static and dynamic conditions, develop near one hundred percent placement 
in the annular space, resist fluid influx, and have the desired density, thickening time, fluid 
loss, strength development, and zero free water. 

However, in addition to the above, what is needed is a method for selecting a 
cementing composition for sealing a subterranean zone penetrated by a well bore that 
focuses on relatively long term concerns, such as maintaining the integrity of the cement 
sheath under conditions that may be experienced during the life of the well. 

Brief Description of the Drawings 

Fig. 1 is a flowchart of a method for selecting between a group of cementing 
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compositions according to one embodiment of the present invention. 

Fig. 2a is a graph relating to shrinkage versus time for cementing composition curing. 

Fig. 2b is a graph relating to stiffness versus time for cementing composition curing. 

Fig. 2c is a graph relating to failure versus time for cementing composition curing. 

Fig. 3a is a cross-sectional diagrammatic view of a portion of a well after primary 
cementing. 

Fig. 3b is a detail view of Fig. 3a. 

Fig. 4 Is a diagrammatic view of a well with a graph showing de-bonding of the 
cement sheath. 

Fig. 5 is a diagrammatic view of a well with a graph showing no de-bonding of the 
cement sheath. 

Fig. 6 is a diagrammatic view of a well showing plastic deformation of the cement 

sheath. 

Fig. 7 is a diagrammatic view of a well showing no plastic deformation of the cement 

sheath. 

Fig. 8a is a graph relating to radial stresses in the casing, cement and the rock when 
the pressure inside the casing is increased. 

Fig. 8b is a graph relating to tangential stresses in the casing, cement and the rock 
when the pressure inside the casing is increased. 

Fig. 8c is a graph relating to tangential stresses in a cement sheath when the 
pressure Inside the casing is increased. 

Fig. 8d is a graph relating to tangential stresses in several cement sheaths when the 
pressure inside the casing is increased. 

Fig. 9 is a diagrammatic view of a well showing no de-bonding of the cement sheath. 

Fig. 10 is a diagrammatic view of a well showing no plastic deformation of the cement 

sheath. 

Fig. 1 1 is a graph relating to competency for the cementing compositions for several 
well events. 

Description 

Referring to Fig. 1 , a method 1 0 for selecting a cementing composition for sealing a 
subterranean zone penetrated by a well bore according to the present embodiment basically 
comprises determining a group of effective cementing compositions from a group of 
cementing compositions given estimated conditions experienced during the life of the well, 
and estimating the risk parameters for each of the group of effective cementing 
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compositions. Effectiveness considerations include concerns that the cementing 
composition be stable^nder^own-hole-conditions^pressure-and temperature, resist down 
hole chemicals, and possess the mechanical properties to withstand stresses from various 
down hole operations to provide zonal isolation for the life of the wen. 

In step 12, well input data for a particular well is determined. Well input data includes 
routinely measurable or calculable parameters inherent in a well, including vertical depth of 
the well, overburden gradient, pore pressure, maximum and minimum horizontal stresses, 
hole size, casing outer diameter, casing inner diameter, density of drilling fluid, desired 
density of cement slurry for pumping, density of completion fluid, and top of cement. As will 
be discussed in greater detail with reference to step 14, the well can be computer modeled. 
In modeling, the stress state in the well at the end of drilling, and before the cement slurry is 
pumped into the annular space, affects the stress state for the interface boundary between 
the rock and the cementing composition. Thus, the stress state in the rock with the drilling 
fluid Is evaluated, and properties of the rock such as Young's modulus, Poisson's ratio, and 
yield parameters are used to analyze the rock stress state. These terms and their methods 
of determination are well known to those skilled in the art. It is understood that well Input 
data will vary between individual wells. 

In step 14, the well events applicable to the well are determined. For example, 
cement hydration (setting) is a well event. Other well events include pressure testing, well 
completions, hydraulic fracturing, hydrocarbon production, fluid Injection, perforation, 
subsequent drilling, formation movement as a result of producing hydrocarbons at high rates 
from unconsolidated formation, and tectonic movement after the cementing composition has 
been pumped in place. Well events include those events that are certain to happen during 
the life of the well, such as cement hydration, and those events that are read'ily predicted to 
occur during the life of the well, given a particular welPs location, rock type, and other factors 
weD known In the art. 

Each well event is associated with a certain type of stress, for example, cement 
hydration is associated with shrinkage, pressure testing is associated with pressure, well 
completions, hydraulic fracturing, and hydrocarbon production are associated with pressure 
and temperature, fluid injection is associated with temperature, formation movement is 
associated with load, and perforation and subsequent drilling are associated with dynamic 
load. As can be appreciated, each type of stress can be characterized by an equation for 
the stress state (collectively "well event stress states"). 

For example, the stress state in the cement slurry during and after cement hydration 
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is important and is a major factor affecting the long-term integrity of the cement sheath. 
Referring to Figs. 2a-c, the integrity of the cement sheath depends on the shrinkage and 
Young's modulus of the setting cementing composition. The stress state of cementing 
compositions during and after hydration can be determined. Since the elastic stiffness of the 
cementing compositions evolves in parallel with the shrinkage process, the total maximum 
stress difference can be calculated from Equation 1: 

tot 

= k£J (Equation 1) 

where: 

Aaeh is the maximum stress difference due to shrinkage 
kisa factor depending on the Poisson ratio and the boundary conditions 
I x N the Young's modulus of the cement depending on the advance of the shrinkage 
process 

Eeft is the shrinkage at a time (t) during setting or hardening 

As can be appreciated, the integrity of the cement sheath during subsequent well 
events is associated with the initial stress state of the cement slurry. Tensile strength 
experiments, unconfined and confined iri-axial experimental tests, hydrostatic and 
oedometer tests are used to define the material behavior of different cementing 
compositions, and hence the properties of the resulting cement sheath. Such experimental 
measurements are complementary to conventional tests such as compressive strength, 
porosity, and permeability. From the experimental measurements, the Young's modulus, 
Poisson's Ratio, and yield parameters such as the Wlohr-Couiomb plastic parameters (i.e. 
internal friction angle, "a", and cohesiveness, "c"), are all known or readily determined 
(collectively "the cement data"). Yield parameters can also be estimated from other suitable 
material models such as Drucker Prager, Modified Cap, and Egg-Clam-CJay. Of course, the 
present embodiment can be applied to any cement composition, as the physical properties 
can be measured, and the cement data determined. Although any number of known 
cementing compositions are contemplated by this disclosure, the following examples relate 
to three basic types of cementing compositions. 

Returning to Fig. 1 , in step 1 6, the well input data, the wed event stress states, and 
the cement data are used to determine the effect of well events on the integrity of the 
cement sheath during the life of the well for each of the cementing compositions. The 
cementing compositions that would be effective for sealing the subterranean zone and their 
capacity from its elastic limit are determined. 
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In one embodiment, step 16 comprises using Finite Element Analysis to assess the 
integrity of the cement sheath during the life of the well. One software program that can 
accomplish this is the WELLLIFE™ software program, available from Halliburton Company, 
Houston, Tex. The WELLLIFE™ software program is buBt on the DIANA™ Finite Element 
Analysis program, available from TNO Building and Construction Research, Delft, the 
Netherlands. As shown in Figs. 3a-3b, the rock, cement sheath, and casing can be 
modeled for use in Finite Element Analysis. 

Returning to Fig. 1 , for purposes of comparison in step 16, all the cement 
compositions are assumed to behave linearly as long as their tensile strength or 
compressive shear strength is not exceeded. The material modeling adopted for the 
undamaged cement is a Hookean model bounded by smear cracking in tension and Wlohr- 
Coulomb in the compressive shear. Shrinkage and expansion (volume change) of the 
cement compositions are included in the material model. Step 16 concludes by determining 
which cementing compositions would be effective in maintaining the integrity of the resulting 
cement sheath for the life of the well. 

In step 18, parameters for risk of cement failure for the effective cementing 
compositions are determined. For example, even though a cement composition is deemed 
effective, one cement composition may be more effective than another. In one 
embodiment, the risk parameters are calculated as percentages of cement competency 
during the determination of effectiveness in step 16. 

Step 18 provides data that allows a user to perform a cost benefit analysis. Due to 
the high cost of remedial operations, it is important that an effective cementing composition 
is selected for the conditions anticipated to be experienced during the life of the well. It is 
understood that each of the cementing compositions has a readily calculable monetary cost. 
Under certain conditions, several cementing compositions may be equally efficacious, yet 
one may have the added virtue of being less expensive. Thus, it should be used to 
minimize costs. More commonly, one cementing composition will be more efficacious, but 
also more expensive. Accordingly, in step 20, an effective cementing composition with 
acceptable risk parameters is selected given the desired cost. 

The foflowing examples are illustrative of the methods discussed above. 
EXAMPLE 1 

A vertical well was drilled, and well Input data was determined as listed in TABLE 1 . 
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TABLE 1 



unput UBm 


In out Data for Exam Die D 


vertical uepin 


16 500 ft (5 029 m) 

1 U|WWW K ytf |W4aV / 


uverDuraen graaieni 


1 0 osi/ft (22 6 kPA/m) 


Pore pressure 


12 0 Ibs/aal (1 438 ko/m 3 ) 


Min. Horizontal stress 


0.78 


Max. Horizontal stress 


0.78 


Hole size 


9.5 inches (0.2413 m) 


Casing OD 


7.625 inches (0.1936 m) 


Casing ID 


6.765 inches (0.1718 m) 


Density of drilling fluid 


13 lbs/gal (1,557 kg/m 9 ) 


Density of cement slurry 


16.4 lbs/gal (1.965 kg/m 3 ) 


Density of completion fluid 


8.6 lbs/gal (1,030 kg/m 3 ) 


Top of cement 


13,500 feet (41 15 m) 



Cement Type 1 is a conventional oil well cement with a Young's modulus of 1.2e+6 
psi (8.27GPa), and shrinks typically four percent by volume upon setting. In a first 
embodiment, Cement Type 1 comprises a mixture of a cementitious material, such as 
Portland cement API Class G, and sufficient water to form a slurry. 

Cement Type 2 is shrinkage compensated, and hence the effective hydration volume 
change is zero percent. Cement Type 2 also has a Young's modulus of 1 .2e+6 psi (8.27 
GPa), and other properties very similar to that of Cement Type 1 . Cement Type 2 
comprises a mixture of Class G cement, water, and an /n-sffu gas generating additive to 
compensate for down hole volume reduction. 

Cement Type 3 is both shrinkage compensated and is of lower stiffness compared 
to Cement Type 1 . Cement Type 3 has an effective volume change during hydration of zero 
percent and a Young's modulus of 1 .35e+5 psi (0.93 GPa). For example, Cement Type 3 
comprises a foamed cement mixture of Class G cement, water, surfactants and nitrogen 
dispersed as fine bubbles into the cement slurry, in required quantity to provide the required 
properties. Cement 3 may also be a mixture of Glass G cement, water, suitable polymers), 
an insitu gas generating additive to compensate for shrinkage. Cement Types 1-3 are of 
well known compositions and are well characterized. 
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In one embodiment, the modeling can be visuafced in phases. In the first phase, 
the stresses in the rock are evaluated when a 9.5° hole is drilled with the 13 lbs/gal drilling 
fluid. These are the initial stress conditions when the casing is run and the cementing 
composition is pumped. In the second phase, the stresses In the 16.4 lbs/gal cement slurry 
and the casing are evaluated and combined with the conditions from the first phase to define 
the initial conditions as the cement slurry is starting to set These initial conditions constitute 
the well input data. 

In the third phase, the cementing composition sets. As shown in Fig. 4, Cement 
Type 1 , which shrinks by four percent during hydration, de-bonds from the cement-rock 
interface and the de-bonding is on the order of approximately 1 15 pm during cement 
hydration. Therefore, zonal isolation cannot be obtained with this type of cement, under the 
wen input data set forth in TABLE 1 . Although not depicted, Cement Type 2 and Cement 
Type 3 did not fail. Hence, Cement Type 2 and Cement Type 3 should provide zonal 
isolation under the well input data set forth in TABLE 1, at least during the well construction 
phases. 

The well of EXAMPLE 1 had two well events. The first well event was swapping 
drilling fluid for completion fluid. The well event stress states for the first event comprised 
passing from a 1 3 lbs/gal density fluid to a 8.6 lbs/gal density fluid. At a vertical depth of 
16,500 feet this amounts to reducing the pressure inside the casing by 3,775 psi (26.0 MPa). 
The second well event was hydraulic fracturing. The well event stress states for the second 
event comprised increasing the applied pressure inside the casing by 10,000 psl (68.97 
MPa). 

In the fourth phase (first well event), drilling fluid is swapped for completion fluid. 
Cement Type 1 de-bonded even further, and the de-bonding increased to 190 pm. As 
shown in Fig. 5, Cement Type 2 did not de-bond. Although not depicted, Cement Type 3 
also did not de-bond. 

In the fifth phase (second well event), a hydraulic fracture treatment was applied. 
As depicted in Fig 6, Cement Type 1 succumbed to permanent deformation or plastic failure 
adjacent to the casing when subjected to an increase in pressure inside the casing. 
As depicted in Fig. 7, an increase in pressure inside the casing did not cause Cement Type 
2 to fail. Although not depicted, Cement Type 3 also did not fail, and therefore Cement Type 
2 and Cement Type 3 were capable of maintaining zonal isolation during all operational 
loadings envisaged for the well for EXAMPLE 1 . Thus, in this example, both Cement Type 2 
and Cement Type 3 are effective. 
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Figs. 8a-d show stresses in the cement sheath when the pressure inside the 
casing was increased by 10,000 psi. Fig. 8a shows radial stresses in the casing, cement 
and the rode This shows that the radial stress becomes more compressive in the casing, 
cement and the rock when the pressure is increased. Fig. 8b shows tangential stresses in 
casing, cement and the rock. Fig. 8b shows that tangential stress becomes less 
compressive when the pressure is increased. Fig. 8c shows tangential stress in the cement 
sheath. As stated earlier, tangential stress becomes less compressive as the pressure 
increases. For a certain combination of cement sheath properties, down hole conditions and 
well events, as the tangential stress gets less compressive, it could become tensile. If the 
tensile stress in the cement sheath is greater than the tensile strength of the cement sheath, 
the cement will crack and fail. Fig. 8d compares the tangential stresses of different cement 
sheaths. Again, as the pressure increases, the less elastic the cement is, and the tangential 
stress becomes less compressive than what it was initially, and could become tensile. The 
more elastic the cement is as the pressure increases, the tangential stress becomes less 
compressive than what it was initially, but it is more compressive than a rigid cement. This 
shows that, everything else remaining the same, as the cement becomes more elastic, the 
tangential stress remains more compressive than in less elastic cement Thus, a more 
elastic cement is less likely to crack and fail when the pressure or temperature is increased 
inside the casing. 

Referring to Fig. 9, risk parameters as percentages of cement competency are 
shown for the cementing compositions. Accordingly, an effective cementing composition 
(Cement Type 2 or Cement Type 3) with acceptable risk parameters given the desired cost 
would be selected. 
EXAMPLE 2 

A vertical well was drilled, and well input data was determined as listed in TABLE 2. 



TABLE 2 



Input Data 


Input Data for Example 2 


Vertical Depth 


20,000 ft (6,096 m) 


Overburden gradient 


1.0 psi/ft(22.6 kPA/m) 


Pore pressure 


14.8 lbs/gal (1,773 kg/nr*) 


Min. Horizontal stress 


0.78 


Max. (Horizontal stress 


0.78 


Hole size 


8.5 inches (0.2159 m) 
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Innit^ lftn4 , A 

in Ijj uk luats 


input tJ&Ga tor example & 


Casing OD 


7 inches (0.1778 m) 


Casing 10 


6.094 inches (0.1548 m) 


Density of drflDng fluid 


15 lbs/gal (1 ,797 kg/m 3 ) 


Density of cement slurry 


16.4 lbs/gal (1,965 kg/m 3 ) 


Density of completion fluid 


8.6 lbs/gal (1,030 kg/m 3 ) 


Top of cement 


16,000 feet (4,877 m) | 



Cement Type 1 is a conventional oil well cement with a Young's modulus of 1 ,2e+6 
psi (8.27GPa), and shrinks typically four percent by volume upon setting. In a first 
embodiment, Cement Type 1 comprises a mixture of a cementWous material, such as 
Portland cement API Class G, and sufficient water to form a slurry. 

Cement Type 2 is shrinkage compensated, and hence the effective hydration volume 
change is zero percent. Cement Type 2 also has a Young's modulus of 1 .2e+6 psi (8.27 
GPa), and other properties very similar to that of Cement Type 1 . Cement Type 2 
comprises a mixture of Class G cement, water, and an insitu gas generating additive to 
compensate for down hole volume reduction. 

Cement Type 3 is both shrinkage compensated and is of lower stiffness compared 
to Cement Type 1. Cement Type 3 has an effective volume change during hydration of zero 
percent and a Young's modulus of 1 .35e+5 psi (0.93 GPa). For example, Cement Type 3 
comprises a foamed cement mixture of Class G cement, water, surfactants and nitrogen 
dispersed as fine bubbles into the cement slurry, in required quantity to provide the required 
properties. Cement 3 may also be a mixture of Class G cement, water, suitable polymers), 
an irhsitu gas generating additive to compensate for shrinkage. Cement Types 1-3 are of 
well known compositions and are well characterized. 

In one embodiment, the modeling can be visualized in phases. In the first phase, 
the stresses in the rock are evaluated when an 8.5° hole is drilled with the 15 lbs/gal drilling 
fluid. These are the initial stress conditions when the casing is run and the cementing 
composition is pumped. In the second phase, the stresses In the 16.4 lbs/gal cement slurry 
and the casing are evaluated and combined with the conditions from the first phase to define 
the initial conditions as the cement slurry is starting to set. These initial conditions constitute 
the well input data. 

In the third phase, the cementing composition sets. From the previous EXAMPLE 
1 , it Is know that Cement Type 1 , which shrinks by four percent during hydration, de-bonds 
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from the cement-rock interface (Fig. 4). Therefore, zonal isolation cannot be obtained with 
this type of cement according to the well input data set forth in TABLE 1 and TABLE 2. As 
Cement Type 2 and Cement Type 3 have no effective volume change during hydration, both 
should provide zonal isolation under the well input data set forth in TABLE 2, at least during 
the well construction phases. 

The well of EXAMPLE 2 had one well event, swapping drilling fluid for completion 
fluid. The well event (fourth phase) stress states for the well event comprised passing from 
a 15 lbs/gal density fluid to a 8.6 lbs/gal density fluid. At a depth of 20,000 feet this amounts 
to changing the pressure inside the casing by 6,656 psi (45.9 MPa). Although not depicted, 
simulation results showed that Cement Type 2 did de-bond when subjected to a 6,656 psi 
decrease in pressure inside the casing. Further it was calculated that the de-bonding 
created an opening (micro-annulus) at the cement-rock interface on the order of 65 \im. 
This cement therefore did not provide zonal isolation during the first event under the well 
input data set forth In TABLE 2, and of course, any subsequent production operations. The 
effect of a 65 ym micro-annulus at the cement-rock interface is that fluids such as gas or 
possibly water could enter and pressurize the production annular space and/or result In 
premature water production. 

As shown in Fig. 10, Cement Type 3 did not de-bond when subjected to a 6,656 
psi decrease in pressure inside the casing under the well input data set forth in TABLE 2. 
Also, as shown in Fig. 1 1 , Cement Type 3 did not undergo any plastic deformation under 
these conditions. Thus, Cement Type 1 and Cement Type 2 do not provide zonal integrity 
for this well. Only Cement Type 3 will provide zonal isolation under the well input data set 
forth in TABLE 2, and meet the objective of safe and economic oil and gas production for 
the fife span of the well. 

Although only a few exemplary embodiments of this invention have been described 
in detail above, those skilled in the art will readily appreciate that many other modifications 
are possible in the exemplary embodiments without materially departing from the novel 
teachings and advantages of this invention. Accordingly, all such modifications are intended 
to be included within the scope of this invention as defined in the following claims. 
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What is claimed is: 

1 . A method for selecting a cementing composition from a set of cementing 
compositions for sealing a subterranean zone penetrated by a well bore comprising: 

determining well input data; 

determining well events, and therefore determining well event stress states from the 
well events; 

comparing the well input data and well event stress states to the cement data from 
each of the set of cementing compositions to determine effective cementing compositions 
for sealing the subterranean zone; and 

determining risk of cement failure for the effective cementing compositions. 

2. The method of claim 1 wherein the well input data comprise vertical depth of the well, 
overburden gradient, pore pressure, maximum and minimum horizontal stresses, hole size, 
casing outer diameter, casing inner diameter, density of drSBng fluid, density of cement 
slurry, density of completion fluid, and top of cement 

3. The method of claim 1 wherein the well event stress states comprise shrinkage, 
pressure, temperature, load, and dynamic load. 

4. The method of claim 1 wherein the well event stress states are based on anticipated 
well events. 

5. The method of claim 4 wherein the well events comprise at least one well event from 
the group consisting of cement hydration, pressure testing, well completions, hydrauEc 
fracturing, hydrocarbon production, fluid injection, formation movement, perforation, and 
subsequent drilling. 

6. The method of daim 1 wherein the cementing compositions comprise cement with a 
Young's modulus of 1.2e+6 psi (8.27GPa), shrinkage compensated cement with a Young's 
modulus of 1 .2e+6 psi (8.27GPa), or shrinkage compensated cement with a Young's 
modulus of 1.35e+5 psi (0.93 GPa). 

7. The method of claim 1 wherein the cement data comprise tensile strength, 
unconflned and confined tri-axial data, hydrostatic data, oedometer data, compressive 
strength, porosity, permeability, Young's modulus, Poisson's Ratio, and the Mohr-Coulomb 
plastic parameters. 

8. A method for selecting a cementing composition from a set of cementing 
compositions for sealing a subterranean zone penetrated by a well bore comprising: 

determining well input data; 

determining well events, and therefore determining weD event stress states from the 
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weH events; and 

comparing the well input data and well event stress states to the cement data from 
each of the set of cementing compositions to determine effective cementing compositions 
for sealing the subterranean zone. 

9. The method of claim 8 further comprising determining risk of cement failure for the 
effective cementing compositions. 

1 0. The method of claim 8 wherein the well input data comprise vertical depth of the well, 
overburden gradient, pore pressure, maximum and minimum horizontal stresses, hole size, 
casing outer diameter, casing inner diameter, density of drilling fluid, density of cement 
slurry, density of completion fluid, and top of cement. 

11. The method of claim 8 wherein the well event stress states comprise shrinkage, 
pressure, temperature, load, and dynamic load. 

12. The method of claim 8 wherein the wen event stress states are based on anticipated 
weH events. 

13. The method of claim 12 wherein the weH events comprise at least one well event 
from the group consisting of cement hydration, pressure testing, well completions, hydraulic 
fracturing, hydrocarbon production, fluid injection, formation movement perforation, and 
subsequent drilling. 

14. The method of claim 8 wherein the cementing compositions comprise cement with a 
Young's modulus of l.2e+6 psi (8.27GPa). shrinkage compensated cement with a Young's 
modulus of 1 .2e+6 psi (8.27GPa). or shrinkage compensated cement with a Young's 
modulus of 1 .35e+5 psi (0.93 GPa). 

15. The method of daim 8 wherein the cement data comprise tensile strength, 
unconfined and confined tri-axial data, hydrostatic data, oedometer data, compressive 
strength, porosity, permeability, Young's modulus. Poisson's Ratio, and the Mohr-Coulomb 
plastic parameters. 
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